INTRODUCTION
Positrons have a high affinity for trapping in open volume defects. Consequently, positron annihilation and in particular the positron beam technique can provide information which is complementary to that provided by the techniques used for the analysis of composition and structure. A wealth of techniques is available for these latter purposes. Among them are Rutherford Backscattering (RBS), Nuclear Reaction Analysis (NRA), and Secondary Ion Mass Spectrometry (SIMS), which are capable of depth profiling of impurity atoms [I] . These techniques however lack sensitivity for detection of open volume defects. An indirect method for probing open volume are Small Angle Neutron or X-ray Scattering (SANSISAXS). Open volume is best probed by allowing probe particles to be trapped in the cavities. Suitable particles are gas particles, helium and hydrogen, or positrons. Other techniques using a probe atom are Mossbauer and Perturbed Angular Correlation (PAC) [2] , but these are better suited for probing very small cavities (1-5 vacancies). Using positrons as a probe has the advantage that the material is not damaged by the irradiation with the probe particles.
In layered structures obtained by various deposition techniques, open volume defects or microcavities are found with positrons [3, 4, 5] . The defects have their origin in the low mobility of the deposited atoms (low temperature deposition), imperfect regrowth during crystallization, stress relaxation in heterostructures, ion implantation damage, etc. Microcavities can be observed in measurements of the Doppler broadening of the 51 1 keV annihilation line. With standard positron beams a zone -1 pm deep below the material surface can be probed in order to reveal information Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jp4:1995104 on the depth distribution of the defects. Positron beam analysis with millimeter size beams has been developed since about 1982 (see the review by Schultz and Lynn [6] ). In the future it is expected that micrometer size beams will be available so that lateral resolution can be achieved with the technique (see the contribution by Triftshauser [7] ). In this contribution we discuss the results we have obtained for silicon-based materials and for diamond films.
EXPERIMENTAL
The Delft Variable Energy Positron Beam (VEP) is employed for the analysis (figure 1). The magnetically guided beam delivers about 1 6 e+ s-' at the target. The beam diameter is about 8 mm [8, 9] . Photon detection is performed by an intrinsic germanium detector with 1.1 keV resolution at 511 keV photon energy. The energy spectrum is recorded in 4096 channels. The Doppler broadening of the 511 keV photopeak is characterized by the so-called S (Shape) parameter [lo] defined as the ratio between the area under the central part of the photopeak and the total area under the peak. Settings for our apparatus are such that S for defect-free tungsten and silicon amounts to 0.45 and 0.63 respectively. In order to allow comparison with results obtained with other beams we frequently use the scaled S-parameter, S,,, = USdefect free. Also the positronium fraction and surface branching of positrons back-diffused to the surface are measured. A standard measurement consists of recording S and the positronium fraction vs the positron energy [6, 8, 9] .
To transform the measured curves into practical information on depth profiles of defects and the nature of the defects, modelling and fitting is done with a computer program VEPFIT [Ill. The program solves the rate and diffusion equations for positrons implanted according to a certain depth profile and determines the trapped or surface released fractions for a chosen model which may consist of a layered structure or a damage depth profile. Parameters that can be fitted are diffusion lengths, which are indicative of the defect concentrations in the layers, and S-parameters specified for the bulk, surface and defects in the layers.
Helium desorption spectra were recorded with a UHV-desorption spectrometer described in 1121. Positron energy (keV) 
EPITAXIAL SILICON

AMORPHOUS SILICON
4.1. Low-temperature vz-ur deposition
In an MBE-system a-Si was grown as follows: 10 nm was deposited at RT on a silicon wafer, after which 300 nm was deposited at 250 "C. It was confirmed by Raman spectroscopy that a completely amorphous layer was grown. Positron annihilation results are shown in figure 3 . The curve can be fitted by a model consisting of a 400 nm thick top layer with voids (S = 1.141) and a diffusion length L of 5.4 nm. Raman spectroscopy showed that the bond angle distortion was close to what is found for annealed and thus "defect-free" amorphous silicon. The S-parameter is very high, in fact among the highest measured for silicon. Thus, large voids must have been grown in otherwise "perfect" amorphous silicon. The high measured S-parameter is in accordance with the value of 1.15 that Simpson et al. [15] found for MBE silicon grown on Si(100) at a temperature just below 260 "C. 
PECVD hydrogenated silicon
Hydrogenated amorphous silicon was deposited in a Plasma Enhanced Chemical Vapour Deposition (PECVD) process from a 1: 1 volume ratio mixture of SiH4 and H2 at temperatures ranging from 5 to 200 "C. Measurement results are shown in figure 4 . It appears that the layer contains defects with S,,, decreasing for higher deposition temperatures. It was also found that deposition with undiluted SiH, led to slightly higher S-values. In table 1 results are given of the S-parameters and diffusion lengths L obtained from fitting. SAXS measurements are also included. They reveal a decrease of cavity size from 1.2 nm at 50 "C to 0.96 nm at 200 "C deposition temperature. Void fractions were reduced in this temperature interval from 11% to 1.7%. This is in line with the observed increase of the diffusion length. The value of 1.06 for the S-parameter is much lower than found for the cavities in the low temperature MBE samples. In section 9 a possible explanation will be given for this observation. ... 
Sputter-deposited silicon
Krypton-sputtered amorphous silicon films were prepared by sputtering on a Si substrate in a low pressure (0.01-0.1 Pa) krypton plasma [16] . The growing silicon layer which was kept at 310 "C was irradiated with a flux of low energy (50 eV) krypton ions which could be varied so that Si atom/ Kr atom arrival ratios from 0.01 to 3.0 could be achieved at the growing film. The krypton bornbardment resulted in incorporated Kr concentrations from 0.5 to 5 atomic %. Due to the extra kinetic energy of the sputtered Si atoms and the extra energy deposited by the impinging Kr ions, the growing layer did not contain large cavities of the kind observed in the above examples. S parameters shown in figure 5 decreased with increased Kr concentration from 1.024 to 1.018 which is lower than K r y p t o n c o n c e n t r a t i o n (at.%) 
GAS INTERACTION WITH CAVITIES
tained by fitting of the data. A sample with these cavities is of interest for studying the interaction with helium and hydrogen gas. For this purpose the samples were again irradiated with helium and hydrogen. In figure 6b the result of hydrogen decoration and of the subsequent annealing are shown. A dramatic reduction of the S-paraFrom earlier combined THDS and TEM observations of keV heliummeter to 1.03 is observed for hydrogen. The S-parameter is reduced to 1.05 upon decoration with He. In both cases the high S-value is fully recovered after annealing to 800 "C. This is in agreement with the expected fast permeation of helium and hydrogen from the cavities at this temperature. found that voids in silicon can be figure 6a . The S-value has increased afrer subsequent anneals at 600, 700, 750, and 800 "C. dramatically. A value of 1.12 is obnearly fully suppressed by the presence of gas. In the case of helium there is no surface binding; thus the increase of the gas density in the cavity volume plays a role. For hydrogen the Si-H bonds at the inner surface of the cavity may have an additional effect.
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LAYERED STRUCTURES AND INTERFACES
Examples of defects in epitaxial layers of CoSi2 on silicon are presented and discussed by Reader et al. [20] and La Via et al. [21] . Here we present results on layered GeSi heterostructures. Layers with composition GexSil-, can be grown on a Si-substrate without strain relaxation for a limited germanium concentration and thickness of the film [22] . The lattice mismatch is adapted by an increase of the lattice parameter in the growth direction of the film. Positron measurements and subsequent analysis on a series of 100 nm thick films with x varying from 0.02 to 0.32 yielded the diffusion lengths and S-parameter values shown in figs. 7a and b. The limit for strain relaxation of a film with this thickness deposited at a temperature of 600 "C is slightly beyond x=0.12. The positron results show clearly that the film with x=0.32 has undergone relaxation. The positron diffusion length has been reduced to half the value found for the films containing less Ge, which indicates the presence of trapping centers presumably caused by the matching dislocations which are formed. There is no large effect on the S-parameter of the film. Apparently the defects do not have the character of large open volumes. It should be noted that the composition change with respect to S might have led to an extra change of S in addition to the effect due to the defects. A large increase of the S-parameter at the interface is however observed. The high value of S indicates open volume defects right at the interface. As yet, no microscopic observations are available to confirm that cavities are present at the interface but one might speculate that the high dislocation density at the surface has caused intersections of dislocations (dislocation network) with a strongly enhanced volume for positron trapping.
DIAMOND LAYERS
Diamond deposition by plasma enhanced CVD techniques is a rapidly growing activity with applications in the field of wear resistant coatings and on semiconductor materials. Positron analysis of diamond layers has revealed the presence of cavities in these materials. It appears that the cavity formation strongly depends on the fraction of CH4 in the deposition gas. Cavities in PECVD depo-sited diamond films are easily formed when the composition of the deposition gas is not ideal. In figure 8 positron depth profiling results are shown for a series of 700 nm thick diamond films on silicon produced for concentrations of CH4 in the HZ gas varying from 0.25% to 2%.
Deposition temperatures were about 850 "C. It appears that a high methane concentration leads to cavities with s,,, = 1.16 (with respect to silicon) and S,,, = 1.41 with respect to defect-free diamond. Similar results were found by Uedono et al. 1231 . This high value is comparable with cavities found in PECVD deposited hydrogenated silicon or in low temperature MBE silicon. Apparently, in the case of the high deposition rate caused by the high methane concentration, cavities can develop more easily. Measurements on graphite and diamondlike carbon reveal Svalues lower than observed for the diamond films. The films are real diamond, as was derived from positron re-emission measurements. All the films re-emitted low energy implanted positrons, whereas graphite and diamondlike carbon did not. The results show that positron beam analysis could turn into a very useful contactless and non-destructive tool for quality control of growing diamond films. 
HELIUM AND HYDROGEN PROBING OF DEFECTS
Similarly to positrons, helium can be implanted into a material. By virtue of the high room temperature mobility and low solubility of helium in a large number of materials, e.g., in most metals, the helium will be easily trapped in cavities and will dissociate only when the temperature is increased. The technique for helium decoration and desorption is called thermal helium desorption spectrometry (THDS). Most of the results have been obtained for defects in metals but here we discuss results on epitaxially grown silicon layers (see also section 3). In figure 9 a series of helium desorption spectra is shown obtained by varying the implantation energy of the helium. Several peaks contribute to the spectra, e.g., one at 400 K due to helium release by interstitial diffusion, peaks at 600-850 K due to small vacancy clusters, and a peak at 1100 K due to cavities > 1 nm diameter. From the range profile of the implanted helium and the peak populations defect concentrations were derived [14] .
DISCUSSION
Defects on a relative S-parameter scale
From a large number of studies on defects in silicon by different groups it has been derived which specific S-parameters must be assigned to certain defects. In terms of the relative S-parameter it has been found that S,,, takes on the following values [24] : for monovacancies 1. 
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Positron annihilation behaviour in cavities can partly be -2 ascribed to the formation of positronium (PJ, a bound st-epair. A simple model for positronium in a microcavity of radius r can be obtained under the assumption that the interaction of the positronium atom with its surroundings can be described as a quantum mechanical particle in a Q three-dimensional rectangular potential well [26] . Since positronium cannot exist in the bulk of metals and silicon (the binding energy equals zero), the potential well has a depth Vo which is larger than the positronium work function, i.e. for silicon:
Temperature /K (see Schultz and Lynn, [6] ). Thus, as has been indicated in state has no binding to cavities with a radius smaller than 0.35 nm (the binding energy becomes negative), which corresponds to voids consisting of at most nine vacancies in silicon. Taking into account thermally activated dissociation of positronium during its lifetime, the radii of the cavities in which positronium can survive are even somewhat larger. When placed in gaseous surroundings which exert a hydrostatic pressure P on the particle, positronium will counterbalance this pressure by adapting its volume Vps to a value given by:
The curve for positronium in the ground state (n = 0) is shown in figure 10 from which it can be derived that positronium will not exist in a gas bubble at pressures beyond -1 GPa. Taking into account thermally activated detrapping, stable energy levels will be 0.3 eV lower than 6p, and thus the pressure will also be lower, i.e. -0.7 GPa.
This simple calculation explains rather well the results obtained for the gas decoration of the cavities in the implantation experiments of section 5. The cavities releasing helium at 800 "C have a radius which is clearly larger than 1 nm [27] . When the cavities are devoid of helium or hydrogen gas, bound positronium may easily exist in the open volume. However, when the same amount of gas as used for the creation of the voids is re-implanted, the cavities will be pressurized again to a level equal to or higher than the level during creation. The reason is that no annealing takes place during the re-implantation experiment and therefore all the helium is available for decoration of the cavities.
The Doppler broadening is considerably reduced (i.e., the S-parameter is increased) with respect to pure silicon when the cavity diameter becomes larger than a critical diameter of 0.9 nm. The effect may be attributed to the creation of positronium. It was demonstrated that cavities filled with gas (He, Ar, hydrogen) exhibit an increase of the Doppler broadening because positronium formation is suppressed by the gas pressure.
CONCLUSIONS AND FINAL REMARKS
Examples have been given of the detection of microcavities in materials (semiconductor materials) by means of particle probe techniques. It has been shown that, in particular, positrons can be employed for non-destructive testing of thin films and interfaces. The helium desorption technique is even more sensitive for defect characterization and can identify more defect types. However, the method is nondestructive only when the defects are stable during thermal desorption.
Positron techniques have a wider application with regard to material choice and can be used as a micro-analysis technique. When in the future positron microbeams become available, the lateral resolution can be pushed into the micrometer range.
